Abstract: Tin oxide (SnO 2 ) nanostructures and SnO 2 /Polyaniline (PANI) nanocomposites to be used as electrode materials for a lithium ion battery were synthesized using a solution-route technique with chelating agents followed by calcination at 300 ∘ C for 4 h. Structural and morphological properties were studied with powder X-ray diffraction, scanning electron and transmission electron microscopy. Particles of 25-10 nm size are observed in the microscope images. TGA results showed that the PANI-modified SnO 2 nanoparticles exhibit higher thermal stability than the SnO 2 nanoparticles. Electrochemical properties of SnO 2 and SnO 2 /PANI electrodes were examined in a lithium ion battery and a supercapacitor. The electrode of SnO 2 /PANI shows higher specific capacity. The cell with SnO 2 /PANI exhibits a specific capacity of 1450 mAh/g at C/10. Supercapacitor results indicate that the PANI-modified SnO 2 composite had a higher current with apparent cathodic and anodic peaks.
Introduction
Lithium ion batteries (LIBs) are considered as the most operational ways and capable candidates for applications in the era of electric vehicles (EVs) (both plugin vehicles (PEV) and hybrid electric vehicles (HEVs)) aiming at carbon dioxide emission reduction, the most important cause of global warming, and meeting the growing scarcity of fossil fuels [1] [2] [3] [4] . Conversely, successful application of lithium-ion battery technology will depend mostly on safety, long cycle life, and low cost which are controlled by the various materials used in the batteries [5, 6] . Graphitic carbon is commonly used as a negative electrode in commercial LIBs but exhibits poor rate performance due to its low lithium diffusion coefficient and presents serious safety issues (lithium metal deposition) because of potential solid electrolyte interphase (SEI) film formation [7] [8] [9] [10] . Therefore, advanced materials with superior safety and excellent rate capability are critical components for the next generation lithium batteries.
In recent years, inorganic-organic nanocomposites have turned into a most attractive subject of research because of their particular physical and chemical properties [11] . Semiconductor-polymer nanocomposites are a predominantly capable new field of development of advanced materials in science and technology. The properties of these nanocomposites are quite different from those of the component materials because of interfacial interactions between nanostructured semiconductors and polymers. The properties of these materials can easily be tuned for desired applications through the variation of particle size, shape and distribution of nanoparticles.
Polypyrrole, polyaniline, and polythiophene were optional for applications as active electrode materials in primary and secondary batteries and in supercapacitors [12] [13] [14] . Among these polymers, polyaniline has attracted consideration because of its environmental stability, good electrical conductivity and easy synthesis [15] . A synergistic effect in polyaniline-inorganic nanocomposites, particularly in polyaniline-metal oxide composites, has been applied in electrode materials for supercapacitors and lithium ion batteries. SnO 2 has the benefit of its environmentally benign nature and low cost. It is necessary to prepare and investigate composites combining excellent properties of both PANI and SnO 2 for electrochemical applications [16] .
Several methods were reported in the literature for the synthesis of PANI-inorganic composite powders and thin films, for example, ex-situ intercalation process, drop cast method and in-situ self-assembly, hydrothermal and coprecipitation method [17] [18] [19] [20] [21] . However, to synthesize bulk amounts of fine particles of organic-inorganic powders requires low temperature and short duration of synthesis. The solution co-precipitation method is suitable to synthesize nanosize PANI-SnO 2 particles [21] . The present work reports on the synthesis of PANI-SnO 2 nanoparticles by a co-precipitation method using oxalic acid as a chelating agent. 
Experimental

Synthesis of polyaniline-modified SnO 2 nanoparticles
The white-colored suspension of SnO 2 was prepared using the solution route technique described above. It was mixed with 0.1 M aniline and kept below 4 ∘ C in an ice bath. After 30 min, 0.125 M of ammonium persulfate (APS) solution was added to the mixture, the ice bath was removed after a green-colored solution was obtained. The reactant mixture was stirred for 22 h and subsequently aged at 90 ∘ C for 48 h.
The green precipitate was filtrated and washed with large amounts of water and acetone. It was dried at 100 ∘ C for 8 h and then calcinated at 300 ∘ C for 4 h. A color change from green to brown was observed after calcination.
Characterization
The crystallographic information of the samples was obtained using an X-ray powder diffractometer STADI P (STOE) with Ge(111) monochromatized Cu Kα radiation (λ = 1.54187 Å). Diffraction data were collected over the 2θ range from 10 ∘ to 80 ∘ . The morphologies of the resulting products were characterized using a scanning electron microscope (NanoNova SEM of FEI) and transmission electron microscopy (Philips CMG 200 FEG) (TEM). For TGA measurements a TA 600, operating in dynamic mode (heating rate = 10 ∘ C/min) was employed.
Electrochemical properties of SnO 2 nanoparticles were analyzed using a three-electrode cell with a platinum counter electrode and a silver wire in a solution saturated with KCl as the reference electrode. The working electrode, prepared by mixing 80 wt% of active material, 15 wt% of acetylene black and 5 wt% of polyvinylidene fluoride (PVDF), was coated onto a glassy carbon electrode with a diameter of 5 mm. An aqueous 2.0 mol/L solution of H 2 SO 4 was used as the electrolyte. Cyclic voltammetric (CV) measurements were carried out between the potential limits of -0.5 and 1.0 V against Ag/AgCl using a custom-built potentiostat. CV curves were recorded at dE/dt = 10 mV·s −1 .
The electrodes for cycling tests were prepared by mixing active material 75 wt.% with 15 wt.% acetylene black and 10 wt.% polyvinylidene fluoride (PVDF) binder in Nmethyl-2-pyrrolidone (NMP). The mixture was coated on a stainless steel mesh, cut into 1-cm-diameter circular discs and kept at 100 ∘ C over night under vacuum. The dried electrodes were pressed by applying 0.5 tons of pressure. Typical electrode mass and thickness were 5 to 10 mg and 0.04 to 0.08 mm. The total mass of amorphous carbon and acetylene black used in SnO 2 and SnO 2 /PANI electrode is 10 wt% in order to eliminate the impact of the conducting agent. the temperature range 110 -620 ∘ C. This second weight loss can be attributed to decomposition of oxalic acid and polyaniline. Figure 2 shows the XRD patterns of nanoparticles, data on phase purity and crystallographic information on the SnO 2 and polyaniline-modified SnO 2 nanoparticles were obtained using powder X-ray diffraction. All diffraction patterns of SnO 2 and polyaniline-modified SnO 2 nanoparticles show characteristic peaks of the tetragonal rutile phase. The XRD patterns are in good agreement with the standard data of the tetragonal rutile phase with a = 4.741 Å and c = 3.182 Å as the standard data file (ICDD # 01-070-6995). No impurity phases were observed. The observed broadening of diffraction peaks in polyanilinemodified SnO 2 indicates incorporation of polyaniline in tin oxide [22] .
The d-spacing of the SnO 2 and SnO 2 /PANI nanostructures were estimated using the Scherrer formula [τ = Kλ/β cos θ] where τ is the mean size of the ordered domains, which may be smaller or equal to the grain size; K is a dimensionless shape factor, with a value close to unity (0.89). λ is the X-ray wavelength (1.54 Å); β is the line broadening at half maximum intensity (FWHM), after subtracting the instrumental line broadening, in radians. This quantity is also sometimes denoted as ∆ (2θ); θ is the Bragg angle. The calculated d-spacing is 4.9 Åfor SnO 2 and 5.9 Åfor SnO 2 /PANI. The observed broadening of diffraction peaks in polyaniline-modified SnO 2 indicates incorpora- tion of polyaniline in tin oxide as the interlayer spacing increases from 4.9 Å to 5. 9 Å in SnO 2 / PANI nanocomposite. Obviously an exchange reaction has occurred between the proton/tin ion and the aniline molecule. It is more likely that the exchange involved the protonated form of aniline.
The SEM images indicate the formation of nanosized particles of SnO 2 and SnO 2 /PANI (Figure 3a and Figure 3b) . The transmission electron microscopy image of SnO 2 ( Figure 4a) shows nanoparticles with 50 nm diameter. The high magnification HRTEM image clearly exhibits crystallinity (Figure 4b ).The internal structure reveals particle growth along (111) direction. A typical selected area electron diffraction (SAED) pattern of a single nanoparticle is shown in Figure 4c . The diffraction spots can be indexed to a tetragonal rutile structure of SnO 2 .
Figure 5a-5c show the TEM micrographs of the morphology, lattice image, and selected area diffraction pattern of the SnO 2 /PANI. When comparing Figure 4a and 5a, we can observe that both materials have particle sizes about 50 nm in diameter. Figure 5b reveals that an incomplete thin carbon coating (approximately 5-10 nm thick) has been formed by the carbonization of organic matter that coated every crystallite yielding a SnO 2 /PANI composite. The capacitance behavior of SnO 2 and PANI-modified SnO 2 -nanoparticles as electrode materials has been studied using 2 M H 2 SO 4 electrolyte solution within a potential window of -0.5 to 1.0 V vs Ag/AgCl by cyclic voltammetry. Cyclic voltammograms of SnO 2 nanoparticles and PANI-modified SnO 2 nanoparticles are shown in Figure 6a and Figure 6b . The CV curves are more or less rectangular in shape within the measured potential window, indicating good charge propagation within the electrode due to acetylene black and a well-developed porosity. Anodic and cathodic peaks are observed in CVs of SnO 2 nanoparticles.
The CV of the PANI-modified SnO 2 -nanocomposite ( Figure 6b ) presents a pseudocapacitive background current, but it also reveals visible current peaks. The ideal capacitor performance requires that redox processes occur continuously (causing pseudocapacitive behavior). Negative to 0.20 V PANI is in its entirely neutral state, designated as leucomeraldine (LE). At 0.20 V, LE undergoes partial oxidation resulting in the emeraldine (EM) state. If the potential becomes more positive, EM undergoes further oxidation yielding pernigraniline (PE). The oxidation and reduction processes are accompanied by ingress/egress of counter anions. Since these processes are reversible, charge storage in PANI provides a pseudocapacitive performance [8] . The shape of curves (Figure 6b ) reveals that the capacitance feature of the PANI-modified SnO 2 nanocomposite electrode is mainly related to the redox mechanism. In Figure 6b , two processes of the PANI redox transitions are clearly observed. The anodic and cathodic peaks correspond to the LE/EM transition. Similarly, the anodic and cathodic peaks are attributed to the EM/PE transition. The occurrence of current peaks (albeit weak ones) is due to a very wide polydispersicity of PANI possiblycausing a very broad, almost disappearing peak. Apparently PANI as prepared here does not show this extreme distribution, instead a chain length correlated with the peak positions dominates resulting in the observed behavior.
Lithium Ion Battery Characterization
Galvanostatic discharge-charge profiles for the SnO 2 and SnO 2 /PANI electrodes at 0.1 C current rates within a potential window of 0.0-3.25 V are shown in Figure 7a . The initial open-circuit voltage was 3.25 V. The curve related to the lithiation process does not have any plateaus that usually reflect phase formation or transition. The onset of the cathodic process seems to be at a potential below 1.5 V vs Li/Li+. The electrodes exhibit a reversible discharge capacity of 1000 mA h/g for SnO 2 and 1400 mAh/g for SnO 2 /PANI. Compared to the pristine SnO 2 electrode, SnO 2 /PANI electrode exhibits higher specific capacities; this may be due to a thin carbon layer deposition on the SnO 2 , and also due to conducting polyaniline.
The cycling performance of SnO 2 and SnO 2 /PANI is presented in Figure 7b . The cycling profiles clearly indicate the excellent performance of SnO 2 /PANI at 0.1C current rate from 5 th to 20 th cycles. 
Conclusions
